Abstract It has been observed that after reduction of an unstable vertebral fracture, treated either conservatively or operatively, the encroachment of the spinal canal remaining after reduction can decrease considerably with time. A series of 31 cases, each with a set of CT scans taken preoperatively, immediately after surgery and after implant removal respectively, was assessed using computer-aided planimetry. The mean initial narrowing of the spinal canal was 44.6%. Through surgery this was decreased by 20.4%, leaving a remaining deficit of 24.2%. After implant removal, 15 months after trauma and surgery, the area of the spinal canal increased a further 17.4%, leaving a remaining deficit of only 6.8%. Comparing the values of the spinal canal for T12-L5 directly after surgery and after implant removal, an almost identical degree of restoration for each level can be seen. This additional and gradual restoration of the spinal canal is termed remodeling. This study demonstrates that a residual postoperative narrowing of the spinal canal of up to 25% can be ignored, provided there is no initial neurologic damage.
Introduction
The goal of operative treatment of spinal injuries is the restoration of the skeletal anatomy. That includes above all the elimination of instability and the restoration of the vertebral anatomy and of the spinal canal area with simultaneous decompression, employing either direct or indirect approaches. Direct approaches include open reduction with or without cortico-cancellous bone graft, clearance of the spinal canal and osteosynthesis through transthoracic, transabdominal or retroperitoneal approaches [7] . Indirect methods are based on closed reduction using the effects of disco-ligamentotaxis with consecutive immobilization with cast or corset, or transpedicular stabilization combined with intra-or intercorporal bone grafting [1--4] .
Other and additional mechanisms that may possibly contribute to the restoration of the spinal canal are the "restitutio e vacuo" and, over a longer period, remodeling as is known to occur with other fractures. This remodeling of the spinal canal has been observed with conservatively treated vertebral fractures as well [9, 10] . In earlier studies, the authors were able to demonstrate the value of disco-ligamentotaxis with closed reduction of vertebral fractures using the ASIF (Association for Study of Internal Fixation) internal fixator [12] .
Of over 200 internal fixator instrumentations at our hospital, 119 patients were followed up in two clinical and radiologic studies [8, 12] . One case came to our attention, where a preoperative and a postoperative CT scan taken immediately after surgery, as well as a CT scan taken 15 months later at the time of implant removal, were available. We discovered that the restoration of the spinal canal [14] (1 = compression fracture, 2 = stable burst fracture, 3 = unstable burst fracture, 4 = Chance fracture, 5 = flexion-distraction injury, 6 = translational injury), and neurologic damage pre-and postoperatively and after implant removal (IR), classified according to Frankel [6] Age  Sex  Vertebra  Fracture  Frankel  Frankel  Frankel  (years)  type  preop  postop  after IR 0  27  25  M  L2  3  2  1  0  28  48  F  L2  3  1  1  0  29  22  F  L3  3  0  0  0  30  39  M  L5  3  2  2  1  31  30  M  L4  3  1  1  1 had progressed further from surgery up to the time of implant removal. Similar observations have been made by Johnson et al. and Sj6str6m [9, 16] . To study this in greater depth, a CT scan was taken immediately after implant removal in a further 30 patients with unstable spine fractures.
Patients and methods
Thirty-one cases were studied using computer-aided planimetry (Sigma scan; Jandel). For each case a complete set of CT scans taken preoperatively, directly after surgery and after implant removal, was available. The CT studies were done at the department of radiology of the Universit~itsklinik Freiburg on a Somatom PlusF (Siemens, Erlangen). The gantry angle was adjusted according to the endplate position. All fractures were unstable, compromising the middle column according to Denis. The McAffee classification of vertebral fractures was used [141. The mean age of the patients was 34.7 years (range 18-51 years). Table 1 shows patient data with location, fracture classification and neurologic deficit. All patients were operated on within 72 h after trauma using the ASIF internal fixator [3] . In two patients an additional partial hemilaminectomy was performed, the post-traumatic spinal canal encroachment being 76 and 90%, respectively. Neurologic deficits were present in 14 patients (45.2%). At the time of implant removal, four patients (12.9%) still had a neurologic deficit. No worsening of neurologic symptoms and no infections were encountered. Implant removal and successive CT study were performed after a mean of 12 months (range 7-15 months).
The preinjury dimensions of the canal area were estimated by averaging those of the adjacent vertebrae, the evaluated area being at the corresponding level at each vertebra. A mean of three readings was used to obtain each value. The area of the spinal canal of the injured vertebra was measured at the level of the severest compromise, and the result expressed as a percentage of the estimated preinjury dimensions. Multiple planimetric measurements were made on CT scans of corresponding sections of uninjured vertebrae by different observers, and the standard error of measurement established. This was shown to be consistent for each observer [8] , as has also been demonstrated in other studies [15] .
Owing to the different scale of different CT scans, an individual system calibration had to be performed for each scan to evaluate the pre-and postoperative results. Nevertheless, slight differences between the individual absolute values can occur, leading to a certain inaccuracy of the final result. Therefore, relative rather than absolute values were used [8] , i.e. the estimated value of the preinjury dimensions of the spinal canal of the fractured vertebra was determined for each set of CT scans. The area of the spinal canal was thus correlated to each corresponding value. 9  31  22  0  10  32  17  -1  11  34  22  5  12  35  12  0  13  35  20  14  14  41  29  12  15  41  41  19  16  42  6  0  17  47  33  1  18  50  31  14  19  53  22  3  20  53  36  23  21  55  44  25  22  57  19  3  23  57  30  13  24  58  54  2  25  58  31  13  26  60  11  10  27  61  22  9  28  62  25  16  29  76  24  4  30  90  25  -4  31  90  41  23 Results Thirty-one spinal fractures from T12 to L5 were assessed. The main location was L1 in 18 cases, L2 in 6 and L3 in 3 cases. The degree of traumatic narrowing of the spinal canal increases steadily from T12 to L5 ( 
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Up to two-thirds More than two-thirds * Implant removal Fig. 2 Degree of restoration of the spinal canal in relation to the traumatic narrowing of the spinal canal classified according to Wolter [17] . The lower part of the columns represents the traumatic narrowing of the spinal canal, the middle and upper parts demonstrate the increase after surgery and after implant removal (IR) respectively shown in Table 3 . In six patients the final canal dimensions were larger than expected. The mean preoperative narrowing was 44.6%. Through surgery, a mean restoration of 20.4% was achieved. The subsequent increase through remodeling was a further 17.4% at the time of implant removal. The individual values being very consistent, as demonstrated by the almost parallel curves (Fig. 1) .
Grading the narrowing of the spinal canal into thirds as proposed by Wolter [17] , i. e. group A narrowing by up to one-third, group B by up to two-thirds and group C by more than two-thirds, group C consisted of only three cases (Fig. 2) . The vertebrae concerned were L3-Lh. Most cases (n = 18) belonged to group B. Group A consisted of ten cases ( Table 4 ). The degree of restoration of the spinal canal was very similar in groups A and B. Group C is too small for statistical analysis. The degree of restoration is statistically highly significant at the level of L1 and L2 (t-test, sign test, Wilcoxon test). T12 and L3, owing to smaller numbers, showed a lower statistical significance (t-test P < 0.002 and P < 0.02 respectively; Wilcoxon and sign test P < 0.25 and P < 0.5 respectively). L4 and L5, owing to the small numbers, could not be evaluated statistically.
No relation between post-traumatic neurologic deficit (Frankel classification [6] ) and encroachment or restora- tion of canal area could be demonstrated. The mean canal encroachment without neurologic symptoms was 42.8%; with neurologic symptoms it was 47%. It has to be noted, however, that half the patients with neurologic damage had an encroachment of more than 50% compared to only 35% of patients with an encroachment of less than 50%. However, a correlation between type of fracture and neurologic deficit was seen. Burst and compression-distraction fractures have a higher probability of neurologic damage than compression or Chance fractures.
Discussion
We tried to evaluate whether the restoration of the spinal canal depended exclusively on the quality of reduction and internal fixation, or whether in the course of months, further progress could be seen through remodeling.
The effectiveness of disco-ligamentotaxis with the reduction of a vertebral fracture, specifically the dorsal fragment, has already been demonstrated [ 12] . The anatomic substrate is the posterior longitudinal ligament which, ac~ cording to anatomic studies by Prestar and Putz [15] , up to the level of L3 is strongly developed and spreads to blend with the dorsal vertebral body as well as the intervertebral disc. More distally, though, only a thin bundle can be found. As already suggested, this limits the effectiveness of reduction of the dorsal fragment in this area and may be responsible for the higher degree of traumatic narrowing of more than two-thirds. Our study supports this hypothesis. A canal compromise of more than twothirds (group C) is exclusively found at the level of the lower three vertebrae.
Sufficient restoration of the spinal canal at these lower levels, however, cannot be seen, in contradiction to reduction through disco-ligamentotaxis. It is our experience that early surgery (within 3 days after trauma) can achieve a high degree of restoration even at those levels.
Restoration close to the preinjury dimension of the spinal canal evidently occurs in two steps. We found a mean traumatic narrowing of the spinal canal of 44.6%. Through reduction (lordosing and distraction) and successive stable fixation an improvement of 20.4% was achieved; thus, a postoperative defect of 24.2% remained. At the time of implant removal, however, a deficit of only 6.8% was observed (Fig. 3) . Therefore, a second biological mechanism (remodeling) is suggested, that, in the course of months and to approximately the same degree at each level of the thoracic and lumbar spine (approx. 17-18%) helps to achieve an almost complete restoration. This has been established on the basis of 31 cases, each with a complete set of three CT scans (preoperative, postoperative, after implant removal).
Furthermore, the reports of 74 additional cases were studied [13] , where apart from the preoperative scan, a CT scan taken immediately after implant removal was available. Here, the result was even better. The mean initial narrowing of the spinal canal (T12-E5) was 37.6%. At the time of implant removal this ~had decreased to a remaining compromise of only 3.7%. This was statistically highly significant [13] . Evaluating the effect of operative treatment and remodeling regarding the outcome of the restoration of the canal area in correlation to the initial compromise, it has to be noted that with a lesser degree of narrowing (less than one-third), remodeling is mainly responsible (75%) for the restoration of the canal area. With a medium degree narrowing (up to two-thirds), surgery and remodeling account for about equal parts. With a high degree of narrowing (more than two-thirds), remodeling accounts for only 28% of restoration. Almost half the increase of canal area (49.7%) is due to indirect reduction during surgery.
Up to now, the largest series regarding canal remodeling wa a series of 22 patients presented by Sj6str6m et al. in 1994 . The postoperative encroachment was 18% with 2% remaining 13 months after trauma. This correlates with our results. The overall available data is as yet too small to confirm Sj6str6m's hypothesis of a complete restoration of the spinal canal; however, our results further corroborate this hypothesis.
In 1992, Gertzbein et al. [7] published a similar study of 25 patients treated with the ASIF internal spinal fixator. They reported a mean initial narrowing of 54% compared to a remaining 40% narrowing postoperatively. The mean improvement was therefore 14%. The authors distinguish between patients who underwent early surgery (within 4 days after trauma, u = 16) and those treated after 5 days or later (n = 9). In the first group, the initial narrowing was 56%, compared to 38% after surgery, i.e. an improvement of 18%. The second group achieved a gain of only 8%; therefore, early surgery is advised.
In our experience, the time frame for successful restoration of the spinal canal is not that narrow. It is important, however, that where early surgery is not indicated, at least closed reduction should be achieved conservatively [ 12] . The effects of disco-ligamentotaxis may also depend on a correctly performed reduction and retention. In summary, after surgery a persisting encroachment can still be observed to a greater or lesser degree.
Krompinger et al. [10] conclude that with conservative treatment the same results can be achieved as with operative treatment.The authors were able to analyse 29 out of 55 cases treated conservatively with a mean follow-up of 54.4 months. Among these were patients with an initial narrowing of up to 60%. Twenty patients had a CT scan at a mean 48.4 months after injury. Of 14 patients with a narrowing of the spinal canal, remodeling could be observed in 11. This phenomenon could be seen even in cases with a high degree of initial narrowing, leading to a remaining defect of only 20%. An increase in the initial narrowing was not observed in a single case.
Finally, the study of Johnson et al. [9] should be mentioned. They compared 17 conservatively treated patients with 14 who underwent surgery (Harrington rods) and found a remaining defect of 29% of normal, which, 31 months later, had improved to only 14% of normal. A difference between operative and conservative treatment regarding the restoration of the spinal canal could not be found.
Evaluating the therapeutic effect of the operative treatment of vertebral fractures, a differentiation between the degree of restoration achieved through reduction and internal fixation and the subsequent restoration through remodeling has to be made. After a partial restoration of the spinal canal through reduction and internal fixation, in the course of months, a restoration of the anatomical shape can be observed, to approximately the same degree at each level of the thoracic and lumbar spine. This implies strongly a biologic-functional process, which is independent of the restoration achieved through surgery. Thus, the existence of remodeling has to be regarded as proved. In summary, the remaining deficit of 25% after surgery is restored almost to normal through remodeling and can be ignored, provided that there is no neurologic damage.
Instrumentation of only one or two segments seems sufficient for the stabilization of the injured spine. Thus immobilized, an excellent restoration of the spinal canal can be achieved. Neurologic deterioration was not observed in a single case.
The nature of the mechanism responsible for the process of remodeling can only be suspected. One possible explanation could be an osteolytic process through pulsation, as seen with aortic aneurysms with destruction of vertebrae or stenosis of the aortic isthmus with erosion of ribs.
Conclusions
Planimetric assessment of the spinal canal is an appropriate method to determine the degree of postoperative restoration of the spinal canal.
A statistically highly significant degree of remodeling is seen at L1 and L2; levels T12 and L3 still being significant.
The degree of remodeling has a constant value, independent of the remaining canal compromise.
The combination of reduction through internal fixation and remodeling is a very effective means for the clearance of the spinal canal.
